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whether enough blood circulated in 
or around the plates to ensure such a 
function. Furthermore, while the large, 
flat plates of Stegosaurus might have 
been thermoregulatory, it is less easy 
to imagine this working in the spike-
like osteoderms of Kentrosaurus. 
Another possibility is that the plates 
had a behavioural function, and were 
used in either sexual selection (there 
is no apparent sexual dimorphism 
in plate size, but they may have 
been different colours in the two 
sexes), or in species recognition or 
parent/offspring bonding. Histological 
differences observed in individuals of 
different ages also suggest that the 
plates may have had a communication 
function — after sexual maturity, the 
osteoderms grew faster than the 
skeleton.
What did they eat? The small 
teeth of stegosaurs show they were 
herbivorous, and the shape of the 
jaw suggests they may have had a 
structure that served as a cheek; 
another possibility is that they had 
a turtle-like beak. Paradoxically, 
the teeth of the fossils do not show 
extreme signs of wear. Furthermore, 
no gastroliths (stones swallowed 
by herbivorous dinosaurs and by 
some birds to aid digestion) have 
been discovered associated with 
stegosaur skeletons, so exactly how 
they processed the vast quantity of 
food they needed to ingest remains a 
mystery. The low position of the head 
in most reconstructions suggest they 
browsed on low vegetation. However, 
no coprolites (preserved faeces) have 
been identified, so more detailed 
knowledge of their diet is still lacking. 
The geological context of some 
fossils suggests they may not have 
lived close to water sources.
How did they move? Stegosaurs are 
generally thought to have been slow-
moving, unable to run for more than 
a very short distance. However, there 
is little evidence from trace fossils to 
confirm this. It has been suggested 
that they could have reared up on their 
back legs, using their tail as a tripod. 
In normal gait, the tail was probably 
held out horizontally behind the animal, 
and is thought to have been relatively 
flexible, reinforcing the assumption 
that the tail spikes were used as a 
form of active defence. A number 
of tail spike fossils show apparent 
trauma-related damage, and there is 
circumstantial evidence of a carnivore 
being wounded by a Stegosaurus tail 
spike. The tail spikes are now officially 
known as ‘thagomizers’, after a Gary 
Larson cartoon.
Were they ‘stupid’? Stegosaurs 
have a reputation for stupidity, which 
is based on two misconceptions. 
First, at around 60 cm3, 10% the 
size of a cow’s brain, their brain is 
small compared to the massive body 
weighing around 3 tonnes. However, 
there is no straightforward correlation 
between intelligence and brain–body 
size ratio. Second, for over 100 years 
it has been suggested that stegosaurs 
had a ‘second brain’ in their hip 
region, to help the tiny brain in the 
head control the massive body. This 
idea was based on Marsh’s report of 
an enlarged space in the hip region; it 
was suggested that this was because 
the ganglion controlling the rear half of 
the animal was substantially enlarged. 
In fact, as in other animals, there is 
ample space for appropriate nerve 
fibres to pass through the stegosaur’s 
sacral spaces. There is no evidence 
that stegosaurs were more or less 
stupid than any other dinosaur.
Where can I see stegosaurs? 
Amongst other places: American 
Museum of Natural History, New York; 
North American Museum of Ancient 
Life, Utah; Sauriermuseum Aathal, 
Switzerland; Museum of Nature and 
Science, Denver, Colorado.
Where can I find out more?
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Matthew Collett
Memories enhance the efficiency 
with which animals can exploit their 
resources. They make it easier for an 
animal to return to places and things 
that are useful, and to avoid those that 
may be dangerous or costly. Spatial 
memories — those that encode 
relationships between features in an 
environment or an individual’s path 
through the environment — help an 
animal to exploit multiple locations. 
They make it possible for an animal 
to forage in surrounding areas 
while maintaining a home, and they 
can allow animals to travel rapidly 
between different resources. Spatial 
memories are thus of great ecological 
importance, and they make possible 
many of the conditions that lead to 
social behaviour. The use of spatial 
memories to guide movement towards 
a remembered location — navigation, 
broadly defined — has developed 
in at least three lineages from the 
Cambrian explosion: Molluscs, 
Chordates and Arthropods. We are 
beginning to understand how a 
few of these animals navigate. This 
primer describes some of what we 
have learnt about the memories that 
insects use in order to travel efficiently 
through an area. Many details of these 
memories will be foreign to you, as a 
mammal. But it is striking how much 
their organizing principles have in 
common with our own. 
We all have first-hand experience 
of what happens when a person 
enters a novel environment. We learn 
to recognize prominent features and 
we learn something about the spatial 
relations between these features, 
rapidly establishing a rudimentary 
‘cognitive map’. With increasing 
familiarity, the map can become more 
accurate and encode more features, 
both expanding and becoming more 
detailed. We can use the map to 
devise a variety of paths between 
the encoded locations. If we follow 
the same path repeatedly, we will 
gradually also form associations 
between locations along that path 
and our habitual directions of travel 
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associative memories take control of 
our actions, our attention can be free 
for other tasks. Habitual routes are 
therefore often recalled in this way, 
rather than computed from a map. 
This distinction occasionally becomes 
obvious. We may be traveling on 
autopilot along a habitual route, but 
suddenly realize that it is leading us 
somewhere we do not want to go. 
Our navigation can then be seen not 
to be a unitary process, but to involve 
multiple interacting and sometimes 
conflicting systems. The neural bases 
of these various systems are being 
revealed through neurophysiological 
recordings in rats and also imaging 
studies in man. 
Our knowledge of the spatial 
memories of insects has been 
deduced almost entirely from the 
paths that individuals take as they 
return home, and from how they 
search for food-sites that they have 
visited before. A honeybee, for 
instance, can return to the exact 
location where it has previously 
found food. A desert ant learns 
a route back from a food-site to 
its nest, and it will take this route 
whenever an experimenter picks it 
up and places it nearby. Hypotheses 
about the mechanisms underlying 
these behaviours can be tested 
by manipulating either the insects 
themselves or the objects in their 
environments. These manipulations 
are particularly easy in those species 
that provision their young, as their 
motivation to return to a nest, burrow 
or food-site is generally strong and 
predictable. Studies over the past 
century have discovered that many 
insects, like humans, acquire more 
than one type of spatial memory, 
that they acquire these memories 
at different rates and that, as they 
become more familiar with an 
environment, they change which 
memories they use. Also like humans, 
many of these memories are visually 
based. Unlike humans, insects 
appear not to develop any large-scale 
cognitive maps. We are gradually 
discovering how a suite of relatively 
simple processes can extract 
information from an environment 
in order to generate reliable and 
accurate navigation. 
Guidance memories
When the japanese shield bug 
Parastrachia japonensis forages for the fallen fruits with which it 
provisions its young, it monitors 
both the directions and distances 
that it travels from its burrow. This 
monitoring, known as path integration, 
provides the bug with a spatial 
memory that allows it to set a direct 
course back to its burrow once its 
search is successful. It is an ability 
shared by many species of both 
vertebrates and invertebrates that 
have burrows or nests. Navigation that 
is based on path integration does not 
require any familiarity with features in 
a landscape. It can therefore be used 
in novel environments, making it both 
particularly useful for an exploring 
animal, and relatively easy for an 
experimenter to study. 
We do not know much about path 
integration in P. japonensis, but the 
process has been extensively studied 
in two species of social insects. The desert ant Cataglyphis fortis, 
which lives on salt flats across the 
southern Mediterranean and Middle 
East, uses path integration to return 
from foraging trips of up to 150 m 
across what can be a particularly 
feature-poor environment. The results 
of path integration can be seen by 
picking up an individual, moving it to 
another location and then releasing 
it with a crumb of biscuit. The ant 
will travel in the same compass 
direction and for the same distance 
that it would have traveled back to its 
nest had it not been not displaced. 
The second species, the honeybee 
Apis mellifera, additionally uses 
path integration to communicate 
the locations of distant food-sites. 
The results of their path integration 
can be seen from the directions and 
lengths of brief ‘waggle dances’ that 
successful foragers perform in the Box 1. 
Why use a polarization compass? 
Possibly the first use of photo-detection by an animal was to head towards or away 
from a source of light. Such taxis can be achieved simply by comparing the light 
intensity in two directions, for instance by using a pair of lateral photo-detectors. To be 
able to move at an arbitrary angle to a source of light, such as the sun, requires much 
more complicated computations, and a larger array of photo-detectors. An obvious way 
would be to use the sun as a point source. But to detect the sun when travelling in any 
direction, and at any time of day, then the photo-detectors would have to monitor the 
entire upper visual hemisphere, and the precision would be proportional to the square-
root of the number of photo-detectors. 
Insects, however, exploit a property of the light scattered across the sky that enables 
them to dedicate a single small part of their eyes to determining body orientation. If you 
look at a patch of sky in the opposite direction to the sun with polarized sunglasses 
and rotate your head, then the intensity of that patch will change as the head is rotated, 
reaching a maximum when your head is rotated by 90˚. Repeat this procedure, looking 
at another patch in another direction, and you will see that the maximum brightness 
occurs when your head is at a different angle. Many insects dedicate a narrow band of 
photoreceptors along the top of their heads, known as the dorsal rim area, to detecting 
this pattern and thus determining their heading direction with respect to the sun.
Using the pattern of polarisation means that the sun does not have to be directly 
visible to establish direction: Even a small patch of open sky, or thinly clouded sky can 
be sufficient. It means also that an insect can be facing in any direction, and yet still 
determine its direction. Because the dorsal rim area is sufficient for detecting direction, 
the detectors on the dorsal rim area can be specialized, and their output dedicated to 
computations of the compass direction. The remainder of the eye, the majority, can be 
dedicated to other types of visual processing such as feature recognition or obstacle 
avoidance. 
An important part of the processing for determining compass direction from the sky 
is a transformation of the time-dependent sky-oriented directions to earth-oriented 
directions. Honeybees have an innate template describing the movement of the sun 
across the sky as a step-function, switching from East to West at noon. Over the first 
days of foraging, this template is adapted more exactly to the local ephemeris function. 
A honeybee can then combine inputs from its polarization detectors with its circadian 
clock to determine the earth-based directions. 
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nest-mates. 
These two species have been found 
to share the same sensory inputs to 
extract direction information from the 
pattern of polarized light in the sky 
(see Box 1). But how they measure the 
distance that they travel depends on 
their modes of travel. The desert ant, 
walking across the ground, derives 
its measure of distance from the 
movements of its legs, possibly from 
joint receptors. A honeybee, flying 
through woods or over meadows, 
measures the amount of optic flow it 
experiences. The greater the apparent 
movement across its eyes of the 
objects that it passes, the further it 
thinks it has flown. It will thus record 
a greater distance if it flies through 
narrow passageways, for instance, 
than over open ground. The insects 
combine their distance and direction 
measures to produce a running total 
of the travel from their nests. 
The information provided by path 
integration allows an ant or bee to 
set a direct course from any point it 
has reached to a food-site or nest. 
It subtracts the path integration 
information acquired monitoring its 
current trajectory from a previously 
acquired memory of the path 
integration state at its goal. This 
subtraction, probably implemented 
by what is known as an ‘inverse 
model’, generates the appropriate 
guidance command. To ensure that 
the trajectories are indeed produced 
accurately, the inverse model is 
calibrated to reduce any experienced 
mismatches. Nevertheless, errors do 
creep in, probably during both the 
path integration and the subtraction. 
As a result, the closer an individual is 
to reaching its goal, the less reliable 
the directions calculated from path 
integration become. Thus, while path 
integration can give an appropriate 
direction for setting out on a path, 
insects use a range of other visual and 
olfactory cues for the final pinpointing 
of a goal, and to travel along a 
habitual route that winds around 
obstacles.
One of the first types of visual 
memory with which an insect 
supplements path integration is 
acquired on leaving the nest or food-
site. During the first few departures, 
a wasp, bee or ant spends a 
considerable amount of time turning 
back to face the site and the nearby 
objects. The sequence of views provides the insect with memories 
that can guide the final approach of 
subsequent returns. It is believed 
that insects use the movement or 
changes in retinal images between 
views to determine the spatial 
relationships between the goal and 
nearby landmarks. These memories 
are still poorly understood, but both 
the manner in which they are learnt 
and how they are used present some 
intriguing parallels to the cognitive 
map-type memories in mammals. The 
memories are acquired in a different 
motivational state from the one in 
which they are used. They are learnt 
following, rather than preceding, a 
food reward. The memories are also 
very rapidly formed, and they tend to 
be used primarily before an individual 
establishes habitual memories of a 
specific route. In contrast to human 
cognitive maps, however, these 
location memories are unlikely 
to extend outside the area over 
which the goal and its surrounding 
landmarks are visible. 
During each departure from a site, 
an individual spends less and less 
time on the learning behaviour. Over 
the same period, its approaches to the 
goal rapidly become straighter and 
more consistent. These two trends 
suggest that, as memories become 
established, the insect stops learning 
about the goal during the departures. 
Instead, it begins to learn about the 
goal in a slightly different way (see 
Box 2) during the now consistent 
approaches. What it learns is a set of 
attributes, such as the colours and 
retinal image sizes of features along 
the approach to the goal, that could 
be acquired from single views. These 
new memories seem to be easier to 
use, as once established they tend to 
become dominant. 
If an insect travels to the same 
food-site repeatedly, then it generally 
settles in to following a relatively 
fixed route. Landmarks along the 
way will then often be used to 
supplement path integration. One 
example of how landmarks can 
provide guidance comes from an 
experiment in which desert ants 
were trained past a prominent barrier 
(Figure 1). From the end of the barrier, 
the ants followed the direct route, 
at approximately 50˚ to the barrier, 
back to their nest. After a few days 
of training, they were tested with the 
barrier rotated in other directions. 
The ants nevertheless maintained 
Box 2. 
Determining the distances of objects.
An important part of using landmarks can be to determine some kind of measure of 
distance to the landmarks. Insects generally achieve this by comparing the current im-
age across their eyes with an earlier one. But there are two quite different ways in which 
it can be done. 
One method for determining distance requires movement. As an individual moves 
between two locations it may relate the magnitude of changes in its retinal image with 
the distance between the locations (distance-based parallax). Or it may compare the 
speed with which a retinal image moves to the speed with which it moves its retina 
(speed-based parallax). These types of methods are used during the peering behaviour 
of a locust or preying mantis, for instance, to determine distances up to about 20 cm. 
The arcs that a wasp makes on its initial departures or approaches to a location serve a 
similar purpose but are suitable for determining distances correspondingly larger, up to 
several meters. In order to determine distance in this way, an individual must move, and 
needs to have a measure of either the distance it moves between the two points, or the 
speed with which it moves. But it does not need an accurate long-term encoding of the 
object’s appearance. Insects tend to use such methods when objects or locations are 
relatively novel. 
A second, faster, method can be used, which does not require movement. If an indi-
vidual has an accurate memory of the size that an object has on its retina at a particular 
location, then the currently observed retinal size provides an instantaneous indication 
of distance to that location. Determining distances in this way can be faster and simpler 
than by either form of parallax. Insects therefore tend to switch to such retinotopic 
measures as their experience with a location increases and as their path becomes more 
consistent.
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exactly can an ant encode this angle? 
A simple solution is suggested by 
trigonometry: The closest point along 
the barrier automatically has the 
highest elevation on the ant’s retina 
(Figure 1C). If an ant learns where on 
its retina the highest retinal elevation 
occurs, then by maintaining this retinal 
position it will travel in the appropriate 
direction from the barrier. 
Desert ants can also learn a habitual 
route segment where there is no 
prominent landmark. They acquire 
‘local vector’ memories encoding the 
compass directions in which they 
habitually travel. The views along a 
habitual route then act as signposts. 
Each familiar view that an ant 
encounters can cause an associated 
remembered travel direction to be 
triggered. These route memories, 
whether retino-topic or compass-
based, are useful as they can provide 
a more accurate directional cue than 
that computed from path integration, 
especially as an individual nears 
its goal. They can also be used to 
encode route segments that do not 
point directly towards the goal. When 
these memories are available, an 
ant tends to use them in preference 
to computing directions from path 
integration. Mammals, which show 
a similar switch from memories 
encoding a goal to memories 
encoding a route, likely do so because 
the habitual memories require fewer 
computational or attentional resources 
to use. It remains to be seen whether 
a similar explanation might also hold 
for insects. 
The spatial memories described up 
to this point all provide insects with 
the information to generate a specific 
action at a location or to reach a 
specific goal. Might insects also 
encode locations in some way that is 
independent of any specific action or 
goal? Experiments asking whether an 
insect has spatial memories that can 
be used to travel between different 
goals, and along different paths, 
from those when they were learnt are 
generally tricky to interpret. On the 
one hand, to argue that an observed 
behaviour provides evidence for a 
cognitive map, it must be possible 
to show that the behaviour could not 
have been produced by any goal- or 
route-specific memories. On the other 
hand, if an experiment does not find 
map-like behaviour, perhaps it is 
because an individual is not familiar 
enough with a landscape, or that it 
is too familiar and uses only route 
memories.
Questions that address a potential 
mechanism sometimes provide less 
ambiguous answers. An obvious 
question, given the knowledge that 
we have, is whether insects use 
path integration to embed its visual 
landmark memories in some kind of 
a common nest-based coordinate 
system. An insect might then be able 
to update its path integration state 
to match familiar landmarks that it 
sees around itself. Several studies 
have found, however, that if a desert 
ant is displaced to somewhere along 
its habitual route, then it does not 
change its path integration state even 
if the ant recognizes and uses familiar 
landmarks for guidance along a route. 
Its path integration state just remains 
the resultant of the current path 
walked from the nest. As it will not be 
corrupted if a location is incorrectly 
identified, path integration thus 
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Figure 1. Retinotopic encoding of a route.
(A) Desert ants trained on a route to their nest past a 10 m by 0.5 m barrier. (B) Trajectories of 
trained ants released just behind a barrier (dashed lines, shown truncated for clarity) on a test 
field. In black, ants taken from the feeder to a barrier that was in the same orientation as in 
training. In blue, returning ants taken from near the nest to a barrier rotated by 45˚. (C) A retin-
otopic image of a barrier has a hump. By keeping the hump at angle r = 130˚ from the centre of 
forward vision, an ant walks at 50˚ from the barrier. (Experiment described in Collett et al. 2001). 
As an aside, that we do not see a straight barrier as having a hump shows that our perceptions 
often do not use retinotopic encodings.provides a reliable back-up form of 
navigation should landmark strategies 
fail. But path integration in insects 
does not appear to support the type 
of flexibly used landmark memories 
that are available to mammals.
Recognition memories
We are beginning to understand how 
an insect’s various spatial memories 
guide its actions. We understand 
less well how an insect ensures that 
each of these guidance memories 
is activated at only the appropriate 
location. Such specificity can be 
achieved either through the recognition 
of external features, or by monitoring 
changes in an internal state.
One method that honeybees and 
desert ants use to determine where 
they are is path integration. Once a 
desert ant’s path integration indicates 
that it has traveled an appropriate 
distance back to its nest, then unless 
familiar landmarks indicate otherwise, 
it will start searching for its nest. This 
‘global’ path integration is used to 
provide estimations of position with 
respect to the nest. Desert ants and 
honeybees also use path integration 
to provide ‘local coordinates’ along 
a segment of a route. An individual 
follows the guidance command 
from a local vector only for the 
learnt distance along the segment. 
Whether the insects also use either 
of these coordinate systems for other 
purposes remains unclear. 
How an insect recognizes a location 
using visual cues is one of the 
least understood aspects of insect 
navigation. Insects almost certainly 
use features such as colour, retinal 
image size and elevation, orientation 
of edges, as well as an individual’s 
compass orientation while viewing. 
How such features might be bound 
together to encode a scene, and also 
how sequential cues might be used 
to prime the recognition of a location, 
are active areas of research but firm 
conclusions for the moment remain 
controversial. 
The cues an insect uses for 
recognition are often likely to differ 
from those it uses for guidance. A 
prominent feature such as an isolated 
bush might prove a perfect anchor 
for precise guidance cues. Yet it 
may not be sufficiently different from 
other bushes to provide reliable 
cues to distinguish between them. 
Moreover, if the appearance of a local 
feature were sufficiently distinctive, 
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be stable as an animal approaches 
or moves around it. It is therefore 
often the constellation of surrounding 
features — the panorama — that 
is likely to allow an individual to 
distinguish a particular bush from 
other bushes. Such a constellation 
may provide a signature that is both 
unique to an area within which an 
action is appropriate, and which 
changes little over that area. 
The importance of panoramas and 
the separation between recognition 
and guidance cues was shown in an 
experiment in which a small number 
of honeybees were trained to forage 
at feeders located on platforms at 
two sites. At one of these sites, the 
feeder was located just West of 
two yellow cylinders. At the other 
site, it was just East of an upright 
blue triangle. To examine what the 
bees were using to recognize which 
of the two sites they were at, they 
were tested without the feeder, and 
with the two sets of landmarks on 
the platforms exchanged. The bees 
searched as if the landmarks had not 
been exchanged (Figure 2), showing 
that they recognized the location 
using the panorama. Moreover, 
as far as the guidance cues were 
concerned, it made little difference 
whether there was a blue triangle or 
a pair of yellow cylinders. In contrast, 
when the experiment took place in 
two enclosed huts so that there was 
no distinctive panorama visible from 
the cylinders or triangles, then the 
honeybees were found to use the 
local cues for recognition as well as 
guidance. 
The separation between the cues 
used for recognising a location and 
those used for the guidance within the 
location may well reflect a division in 
the neural pathways and processing. 
Such a division is known in some 
similar systems. For instance, a 
female cricket will initiate a turning 
response towards a sound that could 
potentially be a mate within 60 ms of 
the sound being produced. For her 
to recognize a song from the timings 
between the pulses, however, can 
take up to a second. The recognition 
is then used to modulate the size of 
the turning response. In mammalian 
vision, the rapid dorsal cortical stream 
is used for much moment-to-moment 
visual control of movement. The 
recognition of objects and scenes 
through the ventral stream, however, can be a much slower process 
involving recurrent networks and a 
greater variety of information. 
Systems level and neuro-ethological 
futures
One of the goals of studying insect 
navigation can be formulated as 
trying to understand the processes 
sufficiently well that it would be 
possible to design robots that can 
navigate like insects. For some 
researchers, this is an explicit goal, 
and a plentiful supply of military 
funding encourages the transfer 
of ideas between engineering and 
biology. For others, who do not 
themselves want to build robots, this 
goal is also valuable. For one thing, 
it can provide a focus for research 
questions. Behavioural studies 
can reveal much about the types 
of memories, control systems and 
algorithms that insects use. A second 
aspect is that thinking in terms of an 
engineering implementation serves as 
a check, revealing where a proposed 
explanation might be unfeasible or 
incomplete. 
A broader aspiration in studying 
insect navigation is that it may help 
us understand how brains work more 
generally. Navigation is in a sense 
a typical goal-directed behaviour. It 
involves processing a large amount 
of information from multiple sensory 
modalities, and comparing current 
with previously acquired information 
to determine an appropriate action. 
Navigation is quite special as it is 
A Platform 1 Platform 2
Train
Test
B
Train
Hut 1 Hut 2
Test
urrent Biolo
Figure 2. Use of panorama for place recognition.
Honeybee search distributions around local landmarks (yellow cylinders and blue triangles) 
when a feeder used during training is removed (trained position shown by red cross). (A) Trained 
landmark configuration on open platforms, so that panorama visible. Search distribution is 
influenced more by location than by identity of local landmarks. (B) Trained landmark configu-
ration in enclosed hut, so no distinct panorama visible. Search distribution is determined by 
identity of local landmarks. (Adapted with permission from Collett and Kelber (1988).).
a complex cognitive challenge that 
is shared across a huge variety of 
animals; so there is great scope 
for comparative analyses between 
animals. There are also experimental 
reasons why navigation is a 
particularly good arena for studying 
goal-directed behaviour. Because 
it takes place in two dimensions, 
an individual’s behaviour is easily 
measurable and does not have to 
be experimentally constrained to fall 
within a limited set of predetermined 
outcomes. Unforeseen results are 
therefore common. For insects such 
as ants, it is also relatively easy to 
manipulate both individuals and their 
environments at their natural spatial 
scales. 
Behavioural studies, aided by ever 
more powerful, small and precise 
tracking technologies will continue 
to reveal the navigational systems 
and how the systems interact to 
produce the repertoires of observed 
behaviours. But there are limitations 
to what can be learnt from such 
studies of relationships between 
inputs and outputs of the brain as a 
whole. Beyond the sensory levels, 
insect navigation has so far not been 
appropriate for neurophysiology. 
Recording in the central brain areas 
is extremely difficult, even when an 
insect is stationary. Developments in 
recording techniques and in creating 
virtual environments, however, may 
make these problems surmountable. 
A detailed understanding of spatial 
behaviour will then be vital to guide 
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The experience that our body and 
its parts belong to us and are not 
those of other people is a key aspect 
of the ‘self’ called body ownership 
[1]. In six experiments, we have 
investigated body ownership and its 
neurophysiology using a tactile illusion 
[2,3] that disrupts body ownership 
and tactile sensation robustly, 
repeatedly, and with no particular 
apparatus by inducing an illusory 
feeling of numbness for another 
person’s finger — the ‘numbness 
illusion’ (NI). Our results show that 
the NI does not depend primarily on 
visual or motor signals, but on tactile 
inputs modulating activity in primary 
somatosensory cortex.
The NI arises when one person 
holds the palm of one hand against 
another person’s opposite palm and 
strokes with his other hand the two 
joined index fingers (Figure 1A) [2,3]. 
In study 1, we documented the NI 
by asking participants to rate the 
intensity of experienced numbness 
and other items (see Supplemental 
data available on-line) and 
manipulated the Stroker (by varying 
whether stroking of the two index 
fingers was done by the participant 
or experimenter) and Synchrony (by 
touching both fingers at the same or 
at alternating times). The NI depended 
on Synchrony, but only during self-
stroking (F(1,13 ) = 21.96; p < 0.001; 
Figure 1B), being strongest during 
synchronous self-stroking. This 
suggests that the NI depends on the 
temporal synchrony between visual, 
somatosensory, and motor signals.
In study 2, we tested whether visual 
signals modulate the NI and further 
investigated its phenomenology. 
We confirmed that the NI depends 
on synchrony and stroking (see 
Supplemental data) and found that 
the subject’s view (direct versus 
occluded view of the hands) did not 
affect the NI (view: F(1,16) = 0.62; 
p = 0.44; Stroker x Synchrony x 
Correspondence View interaction: F(1,16) = 2.21; p = 0.08). Other feelings including 
body ownership also showed strong 
ratings only during synchronous 
self-stroking (see Supplemental data), 
confirming that the NI is accompanied 
by a disruption of body ownership. 
Study 2 suggests the NI arises from 
synchronous somatosensory and 
motor signals resulting from one’s 
right thumb touching one’s left index 
finger and one’s right index finger 
touching the other person’s index 
finger, while one’s left fingertips are in 
static contact with the other person’s 
fingertips (Figure 1A).
Study 3 revealed that 
somatosensory cues from the static 
fingertips are crucial, as numbness 
intensity was significantly reduced 
when both hands were separated 
by an empty space (Supplemental 
data). As previous data revealed 
the importance of motor signals 
for body ownership [4], we tested 
whether these are crucial for 
the NI (study 4). Attaching tight 
rubber bands to the joined fingers 
(Figure 1C), we compared the NI in 
passive and active conditions and 
the self- synchronous condition. NI 
ratings differed across conditions 
(F(2,28) = 24.8; p < 0.001) and were 
significantly smaller in the active 
(p < 0.001), but not the passive 
condition (p = 0.29; Supplemental 
data). This is compatible with the 
foremost importance of tactile cues 
(see also study 5; Supplemental 
data) because the NI was strong as 
long as participants felt their own 
fingers touching and being touched 
(independent of who was moving 
them). We suggest that the NI arises as 
a result of somatosensory predictions 
and lack of anticipated somatosensory 
stimulation [5] on the illusory owned 
finger due to tactile information from 
the touching index finger and thumb, 
as well as from the touched index 
finger (double-touch), the spatial and 
temporal congruency of these signals, 
the contact with the other person’s 
hand, and the similarity in shape and 
texture of the other person’s finger.
Predicting that somatosensory 
cortex is involved in the NI, we 
recorded somatosensory evoked 
potentials (SEPs) to left median nerve 
stimulation during the experimental 
conditions of study 1. SEPs at 
electrode C4 (over somatosensory 
cortex contralateral to the electrically 
stimulated median nerve) revealed and interpret the neurophysiology. 
The development of the honeybee 
as a model genetical system may 
also permit another line of entry 
into understanding between brain 
structures and behaviour. One day we 
may be able to knock out individual 
components of spatial behaviour and 
observe the results. 
We know now that an insect such 
as an ant or bee has a variety of 
spatial memories that are acquired 
at different rates and offer different 
advantages and disadvantages. 
These ensembles provide both 
complementarity and redundancy, 
permitting reliable navigation while 
guiding the acquisition of new 
memories and allowing behaviour 
flexible enough to adapt to changes 
in surroundings, resource distribution 
or requirements. Understanding 
better how insects use spatial 
memories will help elucidate 
what their relatively small brains 
are capable of. Discovering their 
limitations may help explain the 
evolution of our own larger and more 
complex brains. 
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